INTRODUCTION
Inhibitors of purified prolyl 4-hydroxylase (EC 1.14.11.2) have received much interest as potential fibrosuppressive agents, due to the key role of this enzyme in collagen biosynthesis [1] [2] [3] . Pyridine-2-carboxylates [4] , 3,4-dihydroxybenzoic acid and related compounds [5] , as well as oxaproline peptides [6] , were shown to act as analogues of the enzyme's substrates 2-oxoglutarate, ascorbate and protocollagen in vitro respectively. However, their IC50 values as inhibitors of cellular hydroxyproline formation was several orders of magnitude higher compared with those obtained in studies of the purified enzyme. The difference in efficiency was attributed mainly to poor membrane permeation [7] [8] [9] .
Conversion of the polar acidic inhibitors 3,4-dihydroxybenzoate and pyridine-2,4-dicarboxylate into the respective nonpolar ethyl esters improves membrane permeation [8, 10] . Ethyl 3,4-dihydroxybenzoate [8, 11] , but not diethyl pyridine-2,4-dicarboxylate [10, 12] , is an inhibitor of purified prolyl 4-hydroxylase. Specialized tissues like embryonic chicken calvaria are able to convert diethyl pyridine-2,4-dicarboxylate into an actively inhibitory substance [10] . This conversion is thought to take place in the cytosolic compartment [10] , because the free acid, but not its diethyl derivative, is a potent inhibitor of prolyl hydroxylation in purified microsomes [12] .
In the present study, we have investigated the potency of several oxalyl amino acids and their dimethyl derivatives as inhibitors of purified chicken prolyl 4-hydroxylase, as well as hydroxyproline formation in microsomes and in embryonic chicken tissues. N-Oxalylglycine has been described as inhibitor of the activity of purified, but not cellular, prolyl 4-hydroxylase [13, 14] . By contrast, we [19] . The formation of hydroxyproline in the presence of oxalylglycine instead of 2-oxoglutarate was studied labelled protocollagen in the presence of either 0.02-0.08 mM unlabelled 2-oxoglutarate or 0.01-0.5 mM oxalylglycine. The concentrations of the other components were identical with those outlined above. Hydroxyproline formation was assayed as described previously [17] .
Microsomal proline hydroxylatlon assay
The purification of microsomes from embryonic chicken bone after metabolic labelling with [4-3H] proline in the presence of the prolyl hydroxylase inhibitor 2,2'-dipyridyl, and the experiments controlling the intactness of the prepared microsomes, were carried out as described previously [12, 20] . The microsomes were stored as frozen pellets in liquid N2 and were thawed and suspended in 0.25 M sucrose/0.05 M Tris/HCl/1 mM MgCl2/5 mM KCI, pH 7.6, immediately before the experiments were conducted. The activity of prolyl 4-hydroxylase in intact microsomes was measured as release of 3H20 from the intracisternal underhydroxylated procollagen. In the standard assay, microsomes were incubated for 20 min at 37°C in a reaction mixture containing 0.1 mM 2-oxoglutarate, 0.05 mM Fe2SO4, 0.5 mM L-ascorbate, 0.1 mM thymol and 0.1 mM dithiothreitol, as well as various concentrations of oxalylglycine, oxalylalanine or their dimethyl derivatives. The total reaction volume was 0.1 ml. The amount of 3H20 released was measured as described previously [17] .
In a second set of experiments, prolyl 4-hydroxylase was released from the isolated microsomes prior to the experiments by treatment with 0.1 % Brij-35 and 0.6 M NaCl as described previously [12] . The further assay was identical with the procedure described above.
Labelling of the chick embryo calvaria Calvaria were removed from chicken embryos, aged 15 days, and washed for 3 min in DMEM at 37 'C. They were then transferred into Pyrex tubes (eight calvaria/tube) containing 3 ml ofmedium, 6,Ci of [U-_4C]proline, and various concentrations of oxalyl amino acid derivatives. The samples were incubated for 1-4 h at 37 'C. The experiment was terminated by placing the tubes in ice and separating the calvaria from the culture medium. The calvaria were washed once with 3 ml of fresh medium, which was then pooled with the incubation medium. BSA and phenylmethanesulphonyl fluoride (PMSF) were added (final concns. 1 mg and 6 ,ug/ml respectively). The calvaria were extracted for 16 h with 25 ml of 0.5 M acetic acid.
The following procedure was identical for the medium and the calvaria extracts. The samples were extensively dialysed against 0.5 M acetic acid at 4 'C. Aliquots were withdrawn for SDS/PAGE, and the remaining material was freeze-dried, resuspended in 2 ml 6 M HCI and hydrolysed at 105 'C for 25 h. After evaporation of the acid the samples were dissolved in 2 Chicken embryonic lung was obtained by dissecting 19-day-old chicken embryos at the level of the diaphragm. Macroscopically visible parts of the tracheal and bronchial system were removed. Incubation with [14C]proline was carried out as described for the calvaria. The synthesis of hydroxyproline was assayed according to the method described by Juva and Prockop [21] .
SDS/PAGE Freeze-dried samples were reconstituted with buffer containing 0.01 M Tris/HCl, pH 8, 1 mM EDTA, 1 % SDS and 5 % 2-mercaptoethanol. The material was denatured at 95°C for 10 min; 20000-50000 d.p.m. of 14C-labelled protein/sample was run on a 1.5 mm x 150 mm 5-10 % gradient PAGE/SDS gel [22] . After fixation in methanol/acetic acid/water (3: 1: 7, by vol.), the gels were processed for fluorography by the Bonner-Laskey method [23] . The dried films were exposed to Kodak X-Omat films at -70 'C. The individual species were identified according to previously published data [10, [24] [25] [26] .
dimethyl derivatives inhibited microsomal prolyl hydroxylation only at much higher concentrations (Table 2) .
Chicken embryo calvarla studies Dimethyloxalylglycine caused 50 % inhibition of hydroxyproline formation in chicken embryo calvaria at a concentration of 2 ,uM 
RESULTS

Enzyme assays
Underivatized oxalyl amino acids proved to be inhibitors of purified prolyl 4-hydroxylase. Oxalylglycine, the most potent compound in the series, showed a competitive type of inhibition when 2-oxoglutarate was used as variable substrate, with a K1 value of 1.9 +0.2 ,uM (n = 3). However, higher K1 values were observed when Fe2+, ascorbate or the peptide substrate were used as variable substrates. The K, value determined under these conditions was 7.0 + 3.1 #M (n = 7). The possible reasons for this discrepancy are discussed below. Oxalylglycine did not cause irreversible inhibition of the purified enzyme when tested in concentrations up to 0.5 mM. It was unable to support the hydroxylation of 3H-labelled procollagen substrate over the same dose range (result not shown). Oxalylalanine, carrying a methyl group at the carbon atom corresponding to C-4 of the 2-oxoglutarate backbone, was only slightly less effective, its K1 being 40 4aM. The other oxalyl amino acids used in this study, containing large side chains at C-4, substituents at the -NH-group (corresponding to C-3 of 2-oxoglutarate) or a backbone of six atoms, were much less effective as inhibitors of purified prolyl 4-hydroxylase. Not all of them showed competitive inhibition with respect to 2-oxoglutarate. The data are summarized in Table 1 . None of the studied dimethyl derivatives was an inhibitor of the purified enzyme at a concentration of 10 mM or below.
Studies In Isolated chicken embryo microsomes
Oxalylglycine and oxalylalanine caused 50% inhibition of microsomal prolyl 4-hydroxylase activity at concentrations of 23 and 123 uM respectively. Very similar values were obtained when the enzyme was solubilized from microsomes by treatment with 0.1 % Brij-35 and 0.6 M NaCl ( Table 2 ), indicating that the microsomal membrane does not restrict the access of either compound to the enzyme. The relative efficacy of these compounds compares well with the K1 values obtained in the purified-enzyme studies (7 and 40 ,ctM respectively). Both The experiments were carried out as described in the Materials and methods section. In the control samples used to demonstrate intactness of microsomes, 4.9% of the total radioactivity were found in the supernatant and 95.1% in the pelleted microsomes. After treatment with 0.1% Brij-35 and 0.6 M NaCI, 94.7% of the activity was found in the supernatant and 5.3% in the pellet. n is the number of experiments; each experiment involved duplicate samples. N.D., not determined. 6) . For abbreviations, see Table 3 . (Figure 2 ). The total incorporation of both procollagen chains was increased in a dose-dependent idioactivity was not reduced by way (Figure 3) . The observed migration difference of the 0.2 mM and was reduced by 38 % at a procollagen al-chain was greater than that of the oc2-chain (Table 4) . A linear correlation between the migration difference and the inhibition of hydroxyproline synthesis was found. The correlation coefficients (r2) were 0.993 and 0.975 for the procollagen al and a2 chains respectively. The species of procollagen type I lacking the C-terminal extension peptide were not observed in controls or treated cultures, in agreement with a previous study [10] .
Using dimethyloxalylalanine, similar effects were found, but only at much higher concentrations. The effects caused by 1 mM of this compound were comparable with those caused by 2 /tM dimethyloxalylglycine ( Figure 3) .
Dimethyloxalylglycine was also used as an inhibitor of hydroxyproline synthesis in embryonic chicken lung ( Table 5 . Dimethyloxalylglycine causes a dose-dependent decrease of material co-migrating with chicken calvaria type I procollagen in SDS/PAGE (Figure 4 ).
DISCUSSION
The present study characterizes oxalyl amino acids as inhibitors of purified and microsomal prolyl 4-hydroxylase, and dimethyloxalyl amino acids as inhibitors of hydroxyproline synthesis, in embryonic chicken tissue cultures.
The most potent inhibitor of purified prolyl 4-hydroxylase was oxalylglycine, a compound which differs from the enzyme's substrate, 2-oxoglutarate, only by replacement of the methylene group at C-3 by -NH-. Oxalylglycine inhibits purified prolyl 4-hydroxylase competitively with respect to the enzyme's co-substrate, 2-oxoglutarate, but cannot substitute for 2-oxoglutarate in the hydroxylation reaction, in spite of the presence of a 2-oxocarboxylic acid moiety, the prerequisite of decarboxylation, in the molecule. This finding strongly supports the interpretation of the decarboxylation reaction as a nucleophilic attack of an electron pair of the activated dioxygen molecule on the carbonyl carbon atom, C-2, of 2-oxoglutarate [1] . The p, orbital of this atom is thought to contain little electron density, owing to the presence of the strongly electronegative environment. The neighbouring C-3 carbon atom is sp3-hybridized and cannot contribute electron density. In oxalylglycine, C-3 is replaced by the sp2-hybridized nitrogen atom. Its p, orbital contains an electron pair that can contribute to the electron density of the C-2 p, orbital, so that a nucleophilic attack may no longer be possible. In the 2-oxoglutarate decarboxylation assay of -prolyl 4-hydroxylase, enzyme activity is measured by determining the rate of deca-rboxylation of 14C-labelled 2-oxoglutarate. In Lineweaver-Burk-type enzyme kinetics experiments, the variable substrate is used under non-saturating conditions. In the experiments when 2-oxoglutarate is used as variable substrate, the concentration of radiolabelled substrate used for the determination of reaction velocity cannot be considered constant during the entire incubation period. By contrast, 2-oxoglutarate is used at saturating concentrations in all experiments with Fe2 , ascorbate and peptide substrate as variable substrates. The observation of consistently higher K1 values under these latter conditions suggests that the potency of an inhibitor is overestimated in experiments where the variable substrate is identical with the substrate used for determination of enzyme activity.
The effects of dimethyloxalylglycine in the calvaria cultures suggests interference with the post-translational processing of procollagen type I. Suppressed cellular synthesis of hydroxyproline, inhibition of procollagen processing, the accumulation of procollagen chains and their atypical electrophoretic migration are typical consequences of inhibition of intracellular prolyl 4-hydroxylase [10] .
Another consequence of inhibition of intracellular prolyl 4- hydroxylase is the retention of underhyd-roxylated collagen in the endoplasmic reticulum [7, 10] . Collagen extracted from calvaria does not exclusively represent intracellular collagen, owing to the large amounts of cell-free matrix in this tissue. Intracellular retention of underhydroxylated procollagen therefore cannot be demonstrated by comparison of the amounts of hydroxyproline extracted from tissue and culture medium. By contrast, cell-free matrix is scarce in lung tissue. Accordingly, the ratio of extracellular versus intracellular hydroxyproline is decreased by dimethyloxalylglycine administration.
The behaviour of the aliphatic compound oxalylglycine and its dimethyl derivative parallels the behaviour ofthe known aromatic prolyl 4-hydroxylase proinhibitor/inhibitor pair diethyl pyridine-2,4-dicarboxylate/pyridine-2,4-dicarboxylate. Oxalylglycine potently inhibits purified and microsomal prolyl 4-hydroxylase. Its dimethyl derivative is not an inhibitor of the purified and microsomal enzyme, but is able to suppress prolyl hydroxylation in embryonic chicken calvaria and lung. It is therefore plausible to assume that dimethyloxalylglycine is activated intracellularly in the same way that has been suggested for diethyl pyridine-2,4-dicarboxylate [10] .
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